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Facts
•Baryon Asymmetry of the Universe (BAU)

YB ≡ nB / s ≃ 8.5 x 10-11

•Baryonic matter abundance
ΩBh2 = 0.02260 ± 0.00053

•Dark matter (DM) abundance
ΩDMh2 = 0.1123 ± 0.0035

• ΩDM / ΩB ~ 5 ⇒ common origin?
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Asymmetric Dark Matter
hep-ph/0410114, hep-ph/0510079, arXiv: 0807.4313, arXiv: 0901.4117, 
arXiv: 0909.2035, arXiv: 0909.5499, arXiv: 0911.4463, arXiv: 1005.1655, 
arXiv: 1008.1997, arXiv: 1008.2399, arXiv: 1008.2487, arXiv: 1009. 0983, 
arXiv: 1009.2690, arXiv: 1009.3159, arXiv: 1011.1286, arXiv: 1012.1341, 
arXiv: 1101.4936, arXiv: 1104.1429, arXiv: 1104.5548, arXiv: 1106.4319, 
arXiv: 1106.4320, arXiv: 1106.4834, arXiv: 1108.3967, arXiv: 1201.2699, 
arXiv: 1202.0283, arXiv: 1203.1247, arXiv: 1204.5752, arXiv: 1205.0673, 
arXiv: 1205.2844 ...

• Relate the asymmetries in the dark and visible 
sectors

• Non-trivial structure of dark sector
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Are there attempts to make a 
connection between symmetric 

DM and BAU?

• Baryomorphosis  McDonald, 1009.3227 and 1108.4653

• Dark Matter Assimilation
D’Eramo, Fei, Thaler, 1111.5615

• WIMPy Baryogenesis
Cui, Randall, Shuve, 1112.2704
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A WIMPy baryogenesis 
miracle

Cui, Randall, Shuve, 1112.2704
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Two miracles in one framework!

1.WIMP miracle
weak-scale DM, thermal relic abundance

2.WIMPy baryogenesis miracle
DM annihilation generates the baryon 
asymmetry

Cui, Randall, Shuve, 1112.2704
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Cui, Randall, Shuve 1112.2704

DM

DM SM baryons

sterile

antibaryons

B

conserving

decay
exotic

antibaryon

DM

DM
SM baryons

B

violating

decay

exotic

antibaryon

Figure 1: Schematic diagrams showing the evolution of the asymmetry created by dark matter annihilation.
(left) Model where asymmetry created in exotic antibaryons is sequestered in a sterile sector through baryon-
number-conserving decays. (right) Model where asymmetry created in exotic antibaryons is converted into a
Standard Model baryon asymmetry through baryon-number-violating decays.

We present models that satisfy all three Sakharov conditions, and that simultaneously generate the observed
baryon asymmetry and WIMP relic density. In particular, we find successful models of WIMPy baryogenesis
with O(1) couplings and CP phases, and weak-scale masses for all new fields. This is the “WIMPy baryogenesis
miracle”.

Although WIMP annihilation can generate a baryon asymmetry, there are other processes that have the
potential to wash out the asymmetry, and their freeze-out is crucial to create the observed baryon asymmetry.
In our models, the two leading sources of washout are inverse annihilations of baryons into dark matter
and baryon-to-antibaryon processes. Washout scatterings must be suppressed to generate a sizeable baryon
asymmetry because, as we show in Section 2, any asymmetry generated prior to washout freeze-out1 is rapidly
damped away. After washout processes freeze out, dark matter annihilations can efficiently create a baryon
asymmetry, and the final asymmetry depends on how much dark matter remains when washout scatterings
freeze out. Washout freeze-out must occur before that of WIMP annihilation, at which point dark matter
annihilation is no longer efficient and no sizeable asymmetry can be created. Thus, we find our central result:
if washout processes freeze out before WIMP freeze-out, then a large baryon asymmetry may accumulate, and
its final value is proportional to the WIMP abundance at the time that washout becomes inefficient.

The early freeze-out of washout processes can occur for kinematic reasons. Inverse annihilations will be
Boltzmann-suppressed for T < mDM because the thermal baryon fields are no longer energetic enough to
annihilate back into dark matter. Baryon-antibaryon scatterings, however, can remain rapid at temperatures
well below mDM. The only way to suppress baryon-to-antibaryon washout is if all washout processes involve a
heavy exotic baryon field in the initial state. We illustrate this scenario in Figure 1, showing how dark matter
annihilates to Standard Model baryons plus an exotic baryon, as well as the possible decays of the exotic
baryon (either through baryon-preserving or baryon-violating interactions). If this exotic field has a mass
! mDM, its abundance is Boltzmann-suppressed at T < mDM and suppresses the washout rate. Meanwhile,
dark matter annihilations are not kinematically allowed if the heavy baryon field has mass ! 2mDM, so the
mass condition mDM " mexotic baryon " 2mDM is essential to generate a large baryon asymmetry through
WIMPy baryogenesis.

Dark matter annihilations generate a positive baryon asymmetry stored in Standard Model quarks along
with an equal negative asymmetry stored in the exotic baryon field. It is important that the decays of the
exotic baryon do not eliminate the Standard Model baryon asymmetry. In models of WIMPy baryogenesis with
a preserved U(1) baryon symmetry, the exotic baryon-number-carrying field is charged under an additional
discrete symmetry, while Standard Model fields are uncharged, preventing the exotic baryon from decaying
into Standard Model baryons and destroying the asymmetry. The heavy baryon-number-carrying field decays

1The time of washout freeze-out is defined as when the rate of washout processes falls below the Hubble expansion rate. This
is analogous to the freeze-out of WIMP annihilation.
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baryon asymmetry and WIMP relic density. In particular, we find successful models of WIMPy baryogenesis
with O(1) couplings and CP phases, and weak-scale masses for all new fields. This is the “WIMPy baryogenesis
miracle”.

Although WIMP annihilation can generate a baryon asymmetry, there are other processes that have the
potential to wash out the asymmetry, and their freeze-out is crucial to create the observed baryon asymmetry.
In our models, the two leading sources of washout are inverse annihilations of baryons into dark matter
and baryon-to-antibaryon processes. Washout scatterings must be suppressed to generate a sizeable baryon
asymmetry because, as we show in Section 2, any asymmetry generated prior to washout freeze-out1 is rapidly
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asymmetry, and the final asymmetry depends on how much dark matter remains when washout scatterings
freeze out. Washout freeze-out must occur before that of WIMP annihilation, at which point dark matter
annihilation is no longer efficient and no sizeable asymmetry can be created. Thus, we find our central result:
if washout processes freeze out before WIMP freeze-out, then a large baryon asymmetry may accumulate, and
its final value is proportional to the WIMP abundance at the time that washout becomes inefficient.

The early freeze-out of washout processes can occur for kinematic reasons. Inverse annihilations will be
Boltzmann-suppressed for T < mDM because the thermal baryon fields are no longer energetic enough to
annihilate back into dark matter. Baryon-antibaryon scatterings, however, can remain rapid at temperatures
well below mDM. The only way to suppress baryon-to-antibaryon washout is if all washout processes involve a
heavy exotic baryon field in the initial state. We illustrate this scenario in Figure 1, showing how dark matter
annihilates to Standard Model baryons plus an exotic baryon, as well as the possible decays of the exotic
baryon (either through baryon-preserving or baryon-violating interactions). If this exotic field has a mass
! mDM, its abundance is Boltzmann-suppressed at T < mDM and suppresses the washout rate. Meanwhile,
dark matter annihilations are not kinematically allowed if the heavy baryon field has mass ! 2mDM, so the
mass condition mDM " mexotic baryon " 2mDM is essential to generate a large baryon asymmetry through
WIMPy baryogenesis.

Dark matter annihilations generate a positive baryon asymmetry stored in Standard Model quarks along
with an equal negative asymmetry stored in the exotic baryon field. It is important that the decays of the
exotic baryon do not eliminate the Standard Model baryon asymmetry. In models of WIMPy baryogenesis with
a preserved U(1) baryon symmetry, the exotic baryon-number-carrying field is charged under an additional
discrete symmetry, while Standard Model fields are uncharged, preventing the exotic baryon from decaying
into Standard Model baryons and destroying the asymmetry. The heavy baryon-number-carrying field decays

1The time of washout freeze-out is defined as when the rate of washout processes falls below the Hubble expansion rate. This
is analogous to the freeze-out of WIMP annihilation.
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1. B-number violation  

2. CP violation

3. Out of thermal equilibrium

Sakharov conditions

√

√

Cui, Randall, Shuve 1112.2704
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Figure 1. A schematic of the comoving number density of a stable species as it evolves
through the process of thermal freeze-out.

Hubble expansion. When this takes place, the comoving number density of
WIMPs becomes fixed — thermal freeze-out has occurred.

The temperature at which the number density of the species X departs
from equilibrium and freezes out is found by numerically solving the Boltz-
mann equation. Introducing the variable x ≡ mX/T , the temperature at
which freeze-out occurs is approximately given by

xFO ≡
mX

TFO
≈ ln

[
c(c + 2)

√
45

8

gX

2π3

mXMPl(a + 6b/xFO)

g1/2
! x1/2

FO

]
. (6)

Here, c ∼ 0.5 is a numerically determined quantity, g! is the number of
external degrees of freedom available (in the Standard Model, g! ∼ 120 at
T ∼ 1 TeV and g! ∼ 65 at T ∼ 1 GeV), and a and b are terms in the non-
relativistic expansion, < σXX̄ |v| >= a + b < v2 > +O(v4). The resulting
density of WIMPs remaining in the universe today is approximately given
by

ΩXh2 ≈
1.04 × 109 GeV−1

MPl

xFO

g1/2
! (a + 3b/xFO)

. (7)

5

Departure from thermal equilibrium?

Maybe zooming in?
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5

Don’t be fooled!!

The departure from equilibrium
is very small and not visible by eye 
on these plots, but it’s good enough
for our purpose.
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1. B-number violation  

2. CP violation

3. Out of thermal equilibrium

Sakharov conditions
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Cui, Randall, Shuve 1112.2704

Washout processes

Figure 5: Diagrams leading to washout of the lepton number from (top row) s-channel and (bottom row)
t-channel scatterings.

We have assumed that the lepton asymmetry from XX annihilations dominates over that from S decays.
We find that this assumption is true whenever mX < mS . Since the asymmetry is proportional to the number
density of X or S at the time of washout freeze-out, the ratio of asymmetry from decay vs. annihilation is the
same as the ratio of the number of S particles to the number of X particles at the time of washout freeze-out.
The assumption of annihilation-dominated asymmetry is therefore equivalent to mX < mS .

3.1.3 Washout

As we demonstrated in Section 2, the final baryon asymmetry depends on the time of washout freeze-out.
We now discuss the implications for WIMPy leptogenesis, finding that we need mψ ! mX for successful
WIMPy leptogenesis. We show the lepton number washout processes in Figure 5. They include inverse
annihilations, lepton → antilepton scatterings, and ψX → L†X processes. The dominant washout is typically
from Lψ → L†ψ† scatterings, because the inverse annihilation Lψ → XX is kinematically suppressed for
T < mX and ψX → L†X gets more Boltzmann suppression. Applying (5) for the specific model of WIMPy
leptogenesis, the washout rate is proportional to

Γwashout(x) ≈
s(x)

Yγ
〈σLψ→L†ψ† v〉Y eq

L Y eq
ψ (x), (18)

where s(x) is the entropy density at x. Washout freezes out when its rate is about equal to the Hubble scale,
Γwashout(x0) ≈ H(x0). Γwashout(x0) can be small for one of two reasons:

1. mψ ! mX so that Y eq
ψ (x0) is Boltzmann-suppressed while dark matter is annihilating.

2. 〈σLψ→L†ψ† v〉 is small relative to the annihilation cross section so that washout freezes out before anni-
hilation. The washout cross section can be small if λL % 1.

One of these two conditions must hold for each washout process. We find that option #1 leads to viable
WIMPy leptogenesis. Option #2, on the other hand, does not give a large asymmetry. According to (17),
the asymmetry efficiency factor ε is also suppressed when λL % 1, and the potential gain in the baryon

10

ū ū

ū ū ū

ū

ū†

ū†

Wednesday, August 8, 12



Cui, Randall, Shuve 1112.2704

Central result
“If washout processes freeze out before WIMP freeze-
out, then a large baryon asymmetry may accumulate, 

and its final value is proportional to the WIMP 
abundance at the time that washout becomes 

inefficient.”

Also,                    so that the annihilation 
DM + DM → 𝜓 + quark
is kinematically allowed.

m
 

< 2m
x

⇒ m
 

& m
x
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Figure 2: The evolution of the number density per comoving volume for field i (Yi) as a function of x = mX/T .
The numerical solutions shown here are based on the WIMPy leptogenesis model discussed in Section 3, where
the dominant annihilation process is XX → Lψ and the dominant washout is Lψ → L†ψ†. The input
parameters are yX = 2.7, λL = 0.8, ε = 0.2, mX = 3 TeV, and mS = 5 TeV. mψ = 4 TeV gives the behavior
when washout freezes out well before WIMP annihilation freezes out (“weak washout”). mψ = 2 TeV gives
the behavior when washout becomes ineffective subsequent to WIMP freeze-out (“strong washout”).

Furthermore, as we show in Section 3.1.3, suppressing the washout cross section also suppresses the fractional
asymmetry generated per annihilation, ε, and the resulting baryon asymmetry is typically too small. Therefore,
we expect that viable models of WIMPy baryogenesis have at least one baryon-number-carrying field with mass
! mX .

We have already shown that the baryon asymmetry is too small to match the observed value if washout
processes remain in equilibrium until after dark matter freeze-out. Nevertheless, it is interesting to see the
consequences for the evolution of the baryon asymmetry. It is important to consider the evolution of baryon
number from the time that dark matter starts annihilating (x ∼ 1), not simply when washout freezes out. At
early times, there is competition between the rate of asymmetry generation through dark matter annihilation,
ε dYX/dx, and the rate of baryon number washout processes proportional to Y∆B. This results in a non-
zero steady-state solution for Y∆B ∼ ε(dYX/dx)xH(x)/Γwashout(x). As X tracks its equilibrium distribution
and its abundance becomes smaller, the annihilation rate drops and the instantaneous asymmetry becomes
smaller as well. This relation holds even after dark matter freeze-out, at which point dYX/dx is the rate of
residual WIMP annihilation that occurs due to the dark matter over-abundance relative to its equilibrium
distribution at such times. Once washout processes freeze out, these late-time annihilations generate an
additional asymmetry according to (6), but the asymmetry is only a tiny fraction of the WIMP relic density,
and for weak-scale dark matter this is too small to account for the observed baryon asymmetry.

To summarize, models of WIMPy baryogenesis predict a dark matter relic density inversely proportional to
the WIMP annihilation cross section, as in conventional WIMP models, and a baryon asymmetry proportional
to the dark matter density at the time when washout processes freeze out. In Figure 2, we illustrate the
evolution of the dark matter abundance and the baryon asymmetry in one model of WIMPy baryogenesis for
the two limiting washout cases.

6
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mx = 3 TeV

m𝜓 = 4 TeV

m𝜓 = 2 TeV
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Our work
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Fundamental ingredients for WIMPy 
baryogenesis

SU(3)c SU(2)L QU(1)y QU(1)B Z4

X 1 1 0 0 +i

X̄ 1 1 0 0 �i

 3 1 +2/3 +1/3 +1

 ̄ 3̄ 1 �2/3 �1/3 +1

n 1 1 0 0 or +1 +1

ū 3̄ 1 �2/3 �1/3 �1

d̄ 3̄ 1 +1/3 �1/3 �1

Table 1. Particle content of the model. ū and d̄ are the right-handed up and down quarks of the
SM. The rest of the SM quarks also have charge �1, while all the leptons are neutral under the Z4

symmetry. The reason for these charge assignments are explained in Appendix D.

other non-abelian discrete groups work for the WIMPy baryogenesis mechanism, although

we have not investigated such a possibility.

In order to study the phenomenological implications of this model, we write down an

e↵ective Lagrangian that includes all the dimension six operators (four-fermion operators)

consistent with the quantum numbers in Table 1

L � 1

⇤2

X

i

�2iOi. (2.1)

The list of 20 (plus Hermitian conjugates) operators Oi is given in Appendix B, using

two-component spinor notation [43].

The EFT approach is valid only as long as the biggest momenta, kmax, involved in the

processes we are considering, is such that kmax
�i
⇤ < 1. In our study, kmax is given by some

temperature, T , before the DM freezes out. As we will explain in more detail in the next

subsection, the baryon asymmetry builds up between the time the washout processes freeze

out, x = xWO, and the time of DM annihilation freeze-out, x = xFO, where x = mX/T .

xFO ⇠ 25, as in usual WIMP scenarios. We find that typical values for xWO are around

10. Given that we scan over a DM range up to 1 TeV, with xWO = 10 as the value of

reference for the highest temperature, we have kmax ⇠ mX/xWO ⇠ 100 GeV. Then the

condition for the validity of the EFT approach translates into a bound for the couplings,
�i
⇤ < (100 GeV)�1. For the purpose of the numerical analysis in the following sections of

the paper we choose to fix ⇤ = 10 TeV, that translates into �i < 100.2

To keep the number of parameters in the numerical analysis manageable, we set some

equalities among the relevant couplings and we relabel them for the ease of the rest of the

2 This last bound can lead to some confusion, thus a comment is in due order. In our parametrization

of the lagrangian (2.1), the couplings �i can be thought of as dimensionless Yukawa’s. In a UV completion

of our theory, they would be subject to the usual perturbative bound, �i < 4⇡, which seems to be in

conflict with our �i < 100. The point is that the only sensible condition for our EFT is expressed as
�i
⇤ < (100 GeV)�1. In other words, one could always keep �i below 4⇡ by lowering the scale ⇤. Thus,

�i . 100 is an artifact, it is a consequence of our choice of fixing ⇤ to 10 TeV. In our context, values of �i

bigger than 4⇡ can just be thought of as lowering the scale ⇤ below 10 TeV.

– 4 –

Dark
matter

Exotic 
heavy
quark

 ! d̄d̄n

Sterile
majorana 
fermion
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The discrete symmetry
• Start with a 

• Require DM stability →

• Forbid proton decay →

• Avoid dangerous decays of 𝜓 →

• Allow the operators                AND                                     
at the same time →

• Solution                                    →               →
   

qX 6= 0

q
quarks

6= 0, q
leptons

= 0

q 6= qquarks, q = 0

(XX)( ū) (XX)( †ū†)

2qX + qū = 0 (mod n), 2qX � qū = 0 (mod n),

qX = n/4, qū = n/2 n = 4k Z4

QX = exp

✓
2⇡i

n
qX

◆
, Q = exp

✓
2⇡i

n
q 

◆
, Qū = exp

✓
2⇡i

n
qū

◆
Zn

Complex charge  → Dirac fermion
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L = Lkin + Lmass �
i

2
�X↵S↵(XX + X̄X̄) + i�B↵S↵ū 

Cui, Randall, Shuve 1112.2704

Leff =
1

⇤2

X

i

�2
iOi dim 6 operators, i = 1, ... ,20

O1 = (XX)( ū)e.g. and so on ...

The effective lagrangian

For comparison:
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• We have a total of 20 dim-6 operators (not all of 
which are important).

• They allow for the possibility of
• t-channel DM annihilation into quark + exotic 
quark (on top of the s-channel); 
• DM annihilation into quark + antiquark (that does 
not contribute to the asymmetry);
• tree-level processes for direct detection.

• We can study a class of models that extends and 
generalizes the one given in Cui, Randall, Shuve 
1112.2704

What’s new?
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Our goal is

to constrain these models, after reasonable, 
simplifying assumptions, using
• LHC data 
• cosmological data (Boltzmann eqs. study)
• direct detection data 

 understand if regions of the parameter space survive 
where the models work
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LHC bounds
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Figure 15: LHC pair production of ψ̄ and its subsequent decay in the model with WIMP annihilation to
quarks.
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Figure 16: A set of two-loop contributions to the electron EDM that vanishes when summed together.

mψ ! 590 GeV, which comes from the gluino bound when the squark is much heavier than the gluino. In our
scenario, this means that mψ ! 590 GeV when mφ ! mψ (numerically, mφ ! 1.2 TeV). The bounds on mψ

cut significantly into the allowed parameter space for dark matter because 2mX > mψ, and so mX ! 295 GeV
for heavy φ. The bounds are stronger for lighter φ because φ and ψ can be jointly produced. For example,
the bound on mψ is about 30% higher for mφ = 1 TeV.

The LHC search reach for gluinos is expected to be mg̃ ≈ 1.44 TeV at 100 fb−1 [24] (with the assumptions
of mSUGRA and heavy squarks), so models of WIMPy baryogenesis will be strongly constrained by future
running of the LHC. The LHC will not reach the highest-mass regions of WIMPy baryogenesis, but will exclude
models with masses mψ " 2 TeV, mX " 1 TeV, and O(1) couplings.

LHC searches also constrain the mass of the colored scalar φ. Since mφ is not directly relevant to the
outcome of WIMPy baryogenesis (apart from the requirement that it be light enough for ψ decays to be
in thermal equilibrium), bounds on mφ do not directly constrain WIMPy baryogenesis. Nevertheless, the
production rate of φ is comparable to that of squarks and is very high at the LHC. With the interaction (29),
φ decays to di +!ET and has an event topology identical to squark pair production in the MSSM: two jets
(possibly b-tagged) plus missing energy. The model-independent constraint is mφ ! 875 GeV for degenerate
squarks of the first two generations [23]. In WIMPy baryogenesis, however, only a single field φ is necessary,
so the bound can be relaxed. Since φ can decay into b, the bound is approximately that of a sbottom squark
from DØ, mb̃ > 250 GeV [25]. Future LHC running will improve the bound to ∼ 2 TeV at 100 fb−1 [24], and
has the potential to discover colored scalars in the mass range of WIMPy baryogenesis.

5.3 Electric Dipole Moment Constraints

A viable mechanism for baryogenesis necessitates the existence of new CP phases. Bounds on the electron
and neutron electric dipole moments (EDMs) strongly constrain many new sources of CP -violation, but we
find CP phases in WIMPy baryogenesis are not constrained by EDM experiments. The minimal models of
WIMPy baryogenesis presented in this paper couple new fields to either left-handed or right-handed light
fermions (but not both), resulting in suppressed EDMs that are consistent with current observations. As a
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Abstract

A search for squarks and gluinos in final states containing jets, missing transverse mo-
mentum and no high-pT electrons or muons is presented. The data represent the complete
sample recorded in 2011 by the ATLAS experiment in

p
s = 7 TeV proton-proton collisions

at the Large Hadron Collider, with a total integrated luminosity of 4.7 fb�1. No excess above
the Standard Model background expectation is observed. Gluino masses below 940 GeV,
and squark masses below 1380 GeV are excluded at the 95% confidence level in simplified
models containing only squarks of the first two generations, a gluino octet and a massless
neutralino. In MSUGRA/CMSSM models with tan � = 10, A0 = 0 and µ > 0, squarks and
gluinos of equal mass are excluded for masses below 1400 GeV. These limits considerably
extend the region of supersymmetric parameter space excluded by previous measurements
with the ATLAS detector.
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Cosmological bounds
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✏ =
�(XX !  ū) + �(X̄X̄ !  ū)� �(XX !  †ū†)� �(X̄X̄ !  †ū†)

�(XX !  ū) + �(X̄X̄ !  ū) + �(XX !  †ū†) + �(X̄X̄ !  †ū†)

Generation of the asymmetry

Model Building

• Obviously the intermediate particles present in [? ] have been integrated-out. There-

fore, we recover the same sets of pseudo-scalar operators. Notice, however, that

including all the dimension six operators we have here a more general class of mod-

els. We have for instance new operators that allow for dark matter annihilation in

the t-channel, or operators that give us tree-level diagrams for dark matter direct

detection.

• We impose a discrete Z4 symmetry similar to the one used in [? ]. However, as our

field content di↵er, so does the charge assignment.

The CP-asymmetry This constitutes probably the biggest di↵erence wrt [? ]. In our

analysis, we set by hand the value of ✏. For sure, the di↵erent operators we have can

generate a CP-asymmetry, as illustrated in Fig.1. However, we think that taking a fixed

X

X

ū

  

ū ū

 

X

X

X

X
ū

ū

  

�s
�WO �s�s

�WO

Figure 1. Diagrams for the calculation of the asymmetry. These diagrams take into account

only the s-channel DM annihilation. They are the analogous of Figure 4 in [? ], with the pseudo

scalars integrated out. Considering also the t-channel one would have additional tree-level and

one-loop diagrams that contribute to the asymmetry.

and arbitrary value for the CP-asymmetry is more general, as a rescaling of ✏ rescales our

bounds, the yielded baryon asymmetry being linear in ✏.

Meanwhile,some comments are in order. The CP-asymmetry has to be proportional

to the SM-baryon number violating operators. Here, ✏ / �DM ,�WO. If both couplings are

null, no asymmetry can be generated. As �DM and �WO imply the mixed or pure washouts

described in Appendix D, that means that one cannot turn o↵ the washout processes. The

very expression of ✏ is model-dependent, nevertheless, a generic formula can be infered

✏ ' 1

16⇡

Im(�2
ANN �WO)

|�ANN |2 f✏

✓
m 

2mX

◆
, (3.1)

with a function f✏ such that f✏(1) = 0 from kinematics, and �ANN here is a combinaison

of the couplings involved in the CP-violating DM annihilation channels.

It is instructive to illustrate this point. Consider the asymmetry generated through

dark matter annihilation in the s-channel. This was computed by the authors of [? ], with

the relevant diagrams shown in their Figure 4, which include two pseudo scalars, S1 and S2.

Under the following assumptions, that are not strictly necessary, but make the calculation

easier:

• mS1 ⌧ mS2;

– 6 –

✏ / Im(�2
WO)

⇤2

(s�m2
 )

2

16⇡s

�WO = |�WO|ei�
The washout coupling has to be complex
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�WO �WO

�WO

�DM

Figure 5: Diagrams leading to washout of the lepton number from (top row) s-channel and (bottom row)
t-channel scatterings.

We have assumed that the lepton asymmetry from XX annihilations dominates over that from S decays.
We find that this assumption is true whenever mX < mS . Since the asymmetry is proportional to the number
density of X or S at the time of washout freeze-out, the ratio of asymmetry from decay vs. annihilation is the
same as the ratio of the number of S particles to the number of X particles at the time of washout freeze-out.
The assumption of annihilation-dominated asymmetry is therefore equivalent to mX < mS .

3.1.3 Washout

As we demonstrated in Section 2, the final baryon asymmetry depends on the time of washout freeze-out.
We now discuss the implications for WIMPy leptogenesis, finding that we need mψ ! mX for successful
WIMPy leptogenesis. We show the lepton number washout processes in Figure 5. They include inverse
annihilations, lepton → antilepton scatterings, and ψX → L†X processes. The dominant washout is typically
from Lψ → L†ψ† scatterings, because the inverse annihilation Lψ → XX is kinematically suppressed for
T < mX and ψX → L†X gets more Boltzmann suppression. Applying (5) for the specific model of WIMPy
leptogenesis, the washout rate is proportional to

Γwashout(x) ≈
s(x)

Yγ
〈σLψ→L†ψ† v〉Y eq

L Y eq
ψ (x), (18)

where s(x) is the entropy density at x. Washout freezes out when its rate is about equal to the Hubble scale,
Γwashout(x0) ≈ H(x0). Γwashout(x0) can be small for one of two reasons:

1. mψ ! mX so that Y eq
ψ (x0) is Boltzmann-suppressed while dark matter is annihilating.

2. 〈σLψ→L†ψ† v〉 is small relative to the annihilation cross section so that washout freezes out before anni-
hilation. The washout cross section can be small if λL % 1.

One of these two conditions must hold for each washout process. We find that option #1 leads to viable
WIMPy leptogenesis. Option #2, on the other hand, does not give a large asymmetry. According to (17),
the asymmetry efficiency factor ε is also suppressed when λL % 1, and the potential gain in the baryon

10

ū ū

ū ū ū

ū

ū†

ū†

�DM

�DM

�WO

�WO �WO

Washout
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DM relic density + BAU

� =
⇡

4

Re(�WO) = Im(�WO)

Preliminary

Excluded by LHC
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DM relic density + BAU
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Direct detection bounds
1

⇤2
(�2

7(Xū)(X†ū†) + �2
8(X̄ū)(X̄†ū†) + h.c.)

These operators contribute to
1. DM annihilation into a pair of quarks and
2. to SI and SD direct detection

(2) constrains the couplings 7 & 8 to be somewhat small, 
which is good anyway for (1), given that we want the 
annihilation into q + exotic q to dominate over q + qbar.

�2
8 � �2

7

4⇤2
(�̄�µ�Ū�µU + �̄�µ�Ū�µ�5U) +

�2
8 + �2

7

4⇤2
(�̄�µ�5�Ū�µU + �̄�µ�5�Ū�µ�5U)

Translated into 4-component-spinor notation
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Direct detection bounds
Can we constrain      and     looking at one-loop contributions 
to direct detection? 
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Figure 4. XENON sensitivity. The upper orange region on the parameter space [�2
8 � �2

7, m�]
is already ruled out by the latest XENON100 [? ] measurements.

X

ū ū

X
X

 

X

ū
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ū
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�s �⇤s �s �⇤s

Figure 5. Diagrams for direct detection at one loop. In the limit of zero external momenta

the sum of these two diagrams vanishes, as explained in the text.

velocity suppressed7. As a consequence even the latest direct detection experiments place

virtually no limits on the coupling �s.

6 Constraints from colliders

7 Summary and discussion

This work rocks!
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– 11 –

The 2 diagrams cancel!!

Similar story for t-channel operators.

NO BOUNDS FROM DIRECT DETECTION
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Summary

• WIMPy baryogenesis is an interesting mechanism that            

relates the baryon asymmetry to the WIMP thermal 

relic density

• For the models we considered the mechanism works 

in a good portion of the parameter space

• Think about different, maybe even simpler models that 

implement the mechanism?
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